PAP III belongs to the family of pancreatitis-associated proteins, recently characterized as pancreatic secretory proteins structurally related to C-type lectins, and whose expression is induced during the acute phase of pancreatitis. In this paper, we describe the cloning, characterization and chromosomal localization of the rat PAP III gene. The gene was isolated from a genomic library using a PCR-based method and characterized over 2.5 kb of gene sequence and 1.7 kb of 5'-flanking sequence. The 5' end of the coding sequence was determined by primer extension of the PAP III transcript. The PAP III coding sequence spanned over six exons. We found striking similarities between PAP III and PAP I and II genes, in genomic organization as well as in promoter sequences. Moreover, the rat PAP III gene was mapped to chromosome 4 using mouse-rat hybrid cells, a localization INTRODUCTION
INTRODUCTION
Acute pancreatitis induces important changes in the expression of a number of genes in the rat pancreas (lovanna et al., 1991a, 1992) . In contrast to an overall decrease found for most pancreatic enzymes, mRNA level and protein synthesis of the rat 'pancreatitis-associated protein' (PAP) increased dramatically (lovanna et al., 1991b) . In fact, PAP was not detectable in the pancreas of control animals. It could be detected in juice 6 h after induction of an experimental acute pancreatitis, reached a maximum during the acute phase (24-48 h) and disappeared during recovery (Keim et al., 1991) . On the other hand, the human homologue of PAP was isolated from pancreatic juice , and subsequently cloned and characterized as a novel serum indicator of the course of acute pancreatitis (lovanna et al., 1994) .
Cloning of the PAP mRNA from a rat pancreatic cDNA library provided the primary structure of the encoded preprotein, whose 175-amino-acid sequence, including an N-terminal signal peptide of 26 amino acids, was typical of secretory proteins (lovanna et al., 1991b) . Whereas PAP was expressed by the pancreas during the acute phase of pancreatitis only, the same molecule was constitutively expressed by the epithelial cells of the small intestine (Kamimura et al., 1992; Dusetti et al., 1993a; lovanna et al., 1993; Itoh and Teraoka, 1993) . On the other hand, Lasserre et al. (1992) than 800%, which could be reversed within 6 h upon feeding.
PAP III is therefore a new member of the PAP gene family, more closely related to the PAP I gene.
was significant with lithostathine/reg I only (Terazono et al., 1988; Rouquier et al., 1989 Rouquier et al., ,1991 . A computer-assisted sequence comparison revealed a striking sequence similarity between the C-terminal region of PAP and the carbohydrate-recognition domain of calcium-dependent lectins (Drickamer, 1988; lovanna et al., 199 ib), suggesting a common ancestor gene and providing new insight into the phylogeny of that class of lectins (Dusetti et al., 1993a) . This is supported by the recent finding that PAP could bind lactose (Christa et al., 1994) . A second rat PAP was identified from a pancreatic cDNA library, and called PAP II (Frigerio et al., 1993a) , the original PAP being named PAP I. It was also overexpressed by the pancreas during the course of acute pancreatitis but could not be detected in the intestinal tract nor in other tissues (Frigerio et al., 1993a) . More recently, the family extended to a third protein, PAP III, whose sequence similarity with PAP I and II amounted to 66 and 630% of amino acids, respectively (Frigerio et al., 1993b I To whom correspondence should be addressed.
The nucleotide sequence reported in this paper has been submitted to the GenBank Data Bank with accession number U09193. Table 1 Mapping of the PAP I, II and IlIl genes Note: The rat chromosome content of each of the rat-mouse somatic cell hybrids is indicated, and the presence of rat-specific PAP I, II and IlIl bands in each hybrid is also shown. The number of discordant clones is shown along the botton row. Symbols: +, chromosome present in more than 55% of the cells; (+), chromosome present in 25-55% of the cells; (-), chromosome present in less than 25% of the cells; -, chromosome absent. The cell hybrids used in this study, derived from the fusion of mouse hepatoma cells (BWTG3) with adult rat hepatocytes, have been described previously [44] , except for LB26OTG4 which is a new clone. +- library by primer-specific PCR amplification. To test the specificity for the PAP III gene of the selected set of oligonucleotides, 50 ng of rat genomic DNA was amplified by PCR, utilizing sense (5'-GAAGATGCCAAGGAAGATGTG-3') and antisense (5'-CTAGGCCTTGAACTTGCAGAC-3') primers (Frigerio et al., 1993b . A rat genomic library constructed in AEMBL3 SP6/T3 with inserts generated by partial digestion with Sau3A of rat liver DNA (Clontech) was screened as described below. 
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Fourth step
In the last step of cloning, about 1.5 x 104 p.f.u. of the amplified AC1041 pool were used for plaque hybridization screening (Benton and Davis, 1977) with PAP III cDNA insert (Pat 3) as probe (Frigerio et al., 1993b (Feinberg and Vogelstein, 1983) . Then the filters were washed four times for 5 min at room temperature in 2 x SSC/0.1 % SDS, twice for 15 min at 50°C in 0.1 x SSC/0. 0 % SDS, and once for 30 min in 0.1 x SSC. Filters were dried and exposed to Hyperfilm TM (Amersham, U.K.). Quantitative analysis of RNAs (dot-blots) was performed according to White and Bancroft (1982) , as described previously (Calvo et al., 1991) . RNA samples (5, 2.5, 1.25 and 0.625 ,tg) were denatured and dotted on to prewashed nitrocellulose filters using a Minifold apparatus (Schleicher & Schuell, Inc.) . The filters were washed and baked. Dot blots were prehybridized, hybridized, and washed as described for Northern blots. Filters were exposed to Hyperfilm TM (Amershan, U.K.). The autoradiograms of the blots were scanned with a Multiscan apparatus (LKB instruments) and the results analysed as described previously (Calvo et al., 1991) (1974) . Animals were killed after 1.5, 3, 6, 12, 24, 48, 96, 168 and 240 h. RNA from pancreas was prepared as described previously (Calvo et al., 1991) .
Nutritional manipulations
Access to food and water was ad libitum before starting the experiments. In a first experiment, 110 rats were separated into two groups. One group had free access to food, whereas the other group was fasted. Five rats per group were killed after 0, 3, 6, 12, 24 and 48 h and the ileums were removed for RNA extraction. In a second experiment, rats starved for 24 h were given food and killed after 3, 6, 12 and 24 h, whereas control animals remained fasted. Both protocols started at 09.00.
Analysis of somatic cell hybrid DNA by PCR PAP Ill chromosomal localization
The PCR was used to specifically amplify rat PAP III sequences in DNA from a panel of somatic cell hybrids. The 11 hybrids used are listed in Table 1 . DNA was prepared from somatic cell hybrids and PCR was carried out using 50 ng of DNA. The same set of oligonucleotides, 1 x PCR buffer and reaction times as for PCR gene cloning (see above) were used for DNA amplification, except that the annealing temperature was 65 'C. Aliquots (5 ,ul) were removed and analysed on a 1.2 % agarose gel. DNA products were visualized with ethidium bromide under UV light.
PAP and PAP 11 chromosomal localization
The same strategy was used for chromosomal assignment of PAP I and PAP II. The oligonucleotides used for PAP I (Dusetti et al., 1993a) DNA amplification were 5'-GAAGACTCTCCGAAG-AAAATACCC-3' and 5'-ACCTGTAAATTTGCAGACGTA-GGG-3', and for PAP II (Frigerio et al., 1993a) were 5'-ATCCCAGATCACTGCAAGG-3' and 5'-CTGCGGGTCTA-CTGCTTGAAC-3'.
Computer analysis
The FASTA program (Lipman and Pearson, 1985) was used to search the Genbank database for sequence similarities. Sequence comparisons and alignments were performed using GAP (Needleman and Wunsch, 1970) , CLUSTAL (Higgins and Sharp, 1988) and TREE (Feng and Doolitle, 1987) analyses.
RESULTS

Isolation of the rat PAP Ill gene
Before screening, an amplification by PCR of rat genomic DNA was performed with our selected set of oligonucleotides (see the Experimental section). This yielded a single product of about 1400 bp. The partial sequence of that product was identical to the sequence reported for rat PAP III mRNA (Frigerio et al., 1993b) . I the first step of screeni-ng, a single product of 1400 bp, similar to that obtained from genomic DNA, was obtained from the library after PCR amplification. In the second step, the spleen, skeletal muscle, lung, prostate and thymus.
amplified product was observed in ABI053, ABIO pools. In the third step, amplification was observed in AC1041 and AC1044 pools. After that step, and with the evidence that the gene was present in a population of only 104 recombinant phages, the cloning (fourth step) was carried out after two rounds of plaque hybridization screening with a cDNA coding for PAP III (Frigerio et al., 1993b) (Hawkins, 1988) . As shown in Figure 1 , intron/exon boundaries conformed to the known GT/AG donor/acceptor site rule, essentially maintaining the consensus sequence proposed by Mount (1982 
Northern-blot analyses of RNAs from several rat tissues
We examined PAP III mRNA expression in several tissues from normal rat and in pancreas with acute pancreatitis by Northernblot analysis using rat PAP III cDNA as probe. As shown in Figure 3 , PAP III was expressed strongly in pancreas with pancreatitis and ileum, weakly in duodenum and jejunum, and no signal was obtained on normal pancreas, stomach, caecum, colon, brain, liver, kidney, salivary gland, heart, testes, spleen, skeletal muscle, lung, prostate or thymus. On longer exposure a signal was observed in heart and thymus (data not shown). RNAs from the same tissues obtained from rats 2 days after induction of acute pancreatitis showed a comparable pattern of PAP III mRNA expression. In addition, no signal was obtained after probing with PAP III RNAs extracted from liver after induction of an acute phase or from kidney with acute experimental failure (data not shown).
Expression of PAP Ill mRNA during the course of acute pancreatitis in the pancreas Quantification of the increase in PAP III mRNA concentration during the course of an experimental acute pancreatitis was performed by dot-blot hybridization (Figure 4) . PAP III mRNA concentration increased within 6 h of induction of pancreatitis, reached maximal levels at 24-48 h, and decreased thereafter. Levels at 7-10 days were similar to control values. (a) Groups of 5 rats were killed at differents times after they were denied access to food (filled columns). Rats with free access to food were used as controls (empty columns). (b) Rats starved for 24 h were given food ad libitum and killed after 0, 3, 6, 12 or 24 h (filled columns). Starving was maintained in control rats (empty columns). PAP IlIl mRNA concentration in their ileum was measured as described in Figure 4 . Values are expressed as means+ S.E.M.
Influence of fasting and feeding on PAP III mRNA expression in the ileum
We selected ileum, the section of the intestine where constitutive expression of PAP III mRNA is highest, to establish the kinetics of PAP III mRNA expression after access to food was denied, starting at 09:00. Figure 5 shows that PAP III mRNA concentration decreased to 58 % of the initial value after 12 h of fasting and to 42 % and 16 % after 24 and 48 h respectively. In the matching group, with free access to food, a transient decrease to 770% of control was observed after 12 h. The influence of feeding was also analysed in rats fasted for 24 h ( Figure 5 ). PAP III mRNA concentration increased after food ingestion. Plateau values of animals fed ad libitum were reached after 6 h. Actin and villin cDNA were used in control experiments performed on the same RNAs. No change was observed during fasting or refeeding (data not shown).
Mapping of rat PAP III gene to chromosome 4
The results of the PCR amplification of rat genomic DNA, and DNA from a panel of somatic cell hybrids and their parental cell PAP II PAP PAP Figure 6 Chromosomal localization of the rat PAPs genes DNA samples from somatic cell hybrids and parental cell lines were subjected to PCR analysis using specific primers for PAP l1l, PAP and PAP II (see the Experimental section). Lane A is DNA from the parental adult rat hepatocytes (HRSD) and lane B is DNA from the parental mouse hepatoma cell line (BWTG3). Lanes C to M are DNA from the somatic cell hybrid panel:
LB150.1, LB251, LB1040TG3, LB780, BS511, LB26OTG4, LB210.1, LB2108, LB161, LB780-8, LB33OTG3 (Szpirer et al., 1984) . Size markers are EcoRl + Hindlll digestion products of ADNA. line using the PAP III primers are illustrated in Figure 6 . Rat DNA sequences were specifically amplified in the hybrid cells, as a product of the expected size of 1400 bp, and no band was seen using DNA from the mouse parent cell line. The DNA of appropriate size was obtained only in the hybrid cell lines which contained an intact chromosome 4 (Table 1) Assignment to chromosome 4 of the PAP I and PAP 11 genes We have established the chromosomal location of the genes encoding PAP I and PAP II in the rat, using PCR amplification of DNA from the same panel of mouse-rat somatic cell hybrids. PAP I and PAP II were specifically amplified as products of 2100 and 2500 bp respectively. As for PAP III, appropriate DNA amplifications were obtained in hybrid cell lines which contained the intact chromosome 4 ( Figure 6 and Table 1 ).
DISCUSSION
A third PAP cDNA was recently isolated and characterized in the rat and was shown to be the product of a separate gene (Frigerio et al., 1993b) . We report here the structural and functional characteristics of the rat PAP III gene, and describe the implications of these findings for the knowledge of the PAP gene family.
The PAP III gene A PCR-based method (Dusetti et al., 1993b (Dusetti et al., , 1994 (Breathnach and Chambon, 1981) and CAAT box (McKnight and Tjian, 1986) sequences were found at -31 and -40 respectively (Figure 1 ). Three additional TATAA boxes were located at positions -380, -489 and -972 respectively (Figure 1 ). Finally, a putative acute-phase signal (CTGGGAA), described as 'interleukin-6 (IL-6)-response element' (Hattori et al., 1987) , was observed in reverse orientation at position -269. This IL-6-response element is present in many acute-phase genes, in which it is required for full induction (Kunz et al., 1989 ). An acute-phase response element in the promoter region of the PAP III gene might therefore participate in the increased PAP expression which occurs during the acute phase of pancreatitis.
PAP IlI and the PAP gene family
The organization of the PAP III gene is very similar to that of the genes encoding PAP I (Dusetti et al., 1993a) and PAP II (Frigerio et al., 1993a) . The number of exons is identical. They have the same size, except for exon 5 which is one codon shorter in the PAP III gene. In addition, the interruption of the reading frame by introns occurs inside codons at the same position in the three genes. Comparison of the promoter regions of these genes confirmed their relationship. In the proximal region of the 5'-flanking sequences of the three genes, we found 53 % identity over 232 nucleotides (Figure 7) . A higher degree of similarity with PAP III was, however, observed for PAP I than for PAPII.
Conservation amounted to 65 % of nucleotides between PAP III and PAP I, whereas a 13 nucleotide deletion in position -164 of the PAPII promoter had to be introduced in order to reach 63 % conservation with PAP III (Figure 7 ). Comparative mapping of homologous genes from a number of species provides information regarding the evolution of mammalian chromosomes. The human PAP I gene maps to the chromosome 2p12 (Dusetti et al., 1994) . This finding confirms the existence of conservation between the 2pl2 region of human and the rat chromosome 4.
Evolutionary tree of the PAPs and PAP-related genes
We have established an evolutionary tree for the PAPs and PAPrelated proteins as described in the Experimental section. The sequences of rat PAP I (lovanna et al., 199 lb), II (Frigerio et al., 1993a) and III (Frigerio et al., 1993b) , human PAP , mouse PAP I , bovine PTP (de la Monte et al., 1990) , rat lithostathine/reg I (Rouquier et al., 1991) , human lithostathine/reg I and II (Bartoli et al., 1993) and mouse lithostathine/reg I and II (Unno et al., 1993) were obtained from the literature. The dendrogram shows a close relationship between all these sequences (Figure 8 ). Among them, the PAPs and bPTP (probably the bovine homologue of the PAP) form a subgroup distinct from the lithostathine/reg sequences. This is further supported by the presence in all proteins from the PAP subgroup of a 5-amino-acid stretch in position 84-89, absent in proteins from the lithostathine/reg subgroup (Rouquier et al., 1991; Giorgi et al., 1989; Bartoli et al., 1993; Unno et al., 1993) .
PAPs and PAP-related sequences constitute a new protein family that shares with the C-type lectins the structural features of their Carbohydrate-Recognition Domain (CRD). Based on sequence similarities, functional properties and exon-intron organization of the genes, Bezouska et al. (1991) proposed a classification of the C-type lectins into four groups: lectins with CRD in proteoglycans (group I); lectins with CRD joined to Nterminal membrane anchors, constituting endocytosis receptors for serum glycoproteins (group II); lectins with CRD associated with collagenous domains (group III); and lectins with CRD in the LEC-CAMs (group IV). The PAP family does not fit into any of these groups. Differences in structural features between the PAP family and each of the four groups of lectins were as important as differences observed among these groups. In addition, the pattern of introns within the CRD-coding region was different for the PAP group and for the others (see below). (lovanna et al., 1991b) , II (Frigerio et al., 1993a) and I l I l (Frigerio et al., 1993b) , human PAP , mouse PAP , bovine PTP (de la Monte et al., 1990) , rat lithostathine/reg (Rouquier et al., 1991) , human lithostathine/reg ) and 11 (Bartoli et al., 1993) and mouse lithostathine/reg and 11 (Unno et al., 1993) as described in the Experimental section. The horizontal scale indicates the percentage sequence similarity.
Hence, we propose that the PAPs and PAP-related proteins are considered as a fifth group of C-type animal lectins. The intron-exon organization of the CRD-containing genes was also used as a criterion to explore the phylogeny of lectins (Dusetti et al., 1993a) . Earlier compilations of lectin gene structures showed that their CRD was either encoded by a single exon, or by three exons with conserved intron-exon boundaries. Description of the CRD of PAP I (Dusetti et al., 1993a) showed the existence of a third intron-exon pattern, which led to the conclusion that PAP I had diverged very early from the other CRD-containing genes (Dusetti et al., 1993a) . The present results on PAP III and recent information on several genes related to PAP (Frigerio et al., 1993a; Dusetti et al., 1993b Dusetti et al., , 1994 Bartoli et al., 1993; Unno et al., 1993) showing that all members in that family have the same intron-exon organization of their CRDs provide further support for that conclusion. 
